The optical properties of epitaxially grown islands of InGaN are investigated with nanometer-scale spatial resolution using visible apertureless near-field scanning optical microscopy. Scattered light from the tip-sample system is modulated by cantilever oscillations and detected at the third harmonic of the oscillation frequency to distinguish the near-field signal from unwanted scattered background light. Scattered near-field measurements indicate that the as-grown InGaN islanded film may exhibit both inhomogeneous In composition and strain-induced changes that affect the optical signal at 633 nm and 532 nm. Changes are observed in the optical contrast for large 3D InGaN islands (100's of nm) of the same height. Near-field optical mapping of small grains on a finer scale reveals InGaN composition or strain-induced irregularities in features with heights of only 2 nm, which exhibit different near-field signals at 633 nm and 532 nm incident wavelengths. Optical signal contrast from topographic features as small as 30 nm is detected.
Introduction
The direct bandgap of InGaN alloys covers the entire visible spectral region, even providing near-infrared and ultraviolet components, which allows building optical devices operating over this entire wavelength range. InGaN-based light emitting diodes in near UV and visible range and violet laser diodes are already commercially available, taking advantage of the very high light emission efficiency of this material. 1, 2 The growth from InGaN quantum dots is detected at room temperature and quantum dots can serve as centers for exciton localization and recombination. 13 Other investigations into the origins of various luminescence properties of InGaN consider strain and structural aspects. Changes in photoluminescence spectra depend on the location where they are collected, and the presence of double luminescence peaks in
InGaN is linked to spatially segregated 2D (strained) and 3D (relaxed) growth of InGaN on a microscopic scale, not just to variations in the alloy's composition. 14 Spatially resolved optical studies may provide further insights into how structural and compositional variations influence the optical properties of nitride semiconductors. Due to the small degree of possible compositional variations in InGaN, near-field scanning optical microscopy is a valuable technique to investigate the correlation between spatial inhomogeneities and optical contrast in InGaN.
Scanning near-field optical microscopy is a powerful tool for optical investigation of a material's properties on the nanoscale. High spatial resolution is achieved by detecting evanescent fields present at the sample surface. 15 Apertureless near-field scanning optical microscopy (ANSOM) usually employs a sharp metallic or dielectric probe tip to re-radiate evanescent components of the electromagnetic field excited at the surface of a sample by laser light. 16 -18 A lateral spatial resolution of less than 30 nm in visible ANSOM is reported for nitride semiconductor surfaces, which is limited by the size of the probe. 19, 20 There are several investigations of imaging submicron distributions of photo-and electro-luminescence intensities from InGaN/GaN quantum structures by near-field microscopy. 21 -27 An inhomogeneous distribution of photoluminescence from InGaN/GaN quantum wells is observed. 22 -25 The spatial resolution in these studies is atomic force microscope (AFM) (Multimode, Digital Instruments), as well as with the ANSOM apparatus, described in detail below.
Sapphire substrates are prepared as described previously. 28 A GaN buffer layer is grown after the nitridation of the substrate. A Ga/N flux ratio at (or slightly above) one is used to achieve smooth GaN surfaces. Details of the GaN growth are also reported previously. 28 InGaN is deposited on the GaN buffer layer at a temperature of 550 °C keeping the nitrogen pressure at 2×10 -3 Pa and the RF power at 300 W. In and Ga fluxes of 1.3 nm/min and 6.7 nm/min, respectively, are supplied to the MBE chamber. After 90 min of growth, the InGaN film thickness is about 0.5 µm. AFM images of the sample reveal the formation of 3D islands, which display flat top surfaces. The average height of the islands is ~75 nm and the lateral sizes are a few hundred nanometers for the bigger islands, as measured from AFM line scans. An average In content of 14% in the as-grown InGaN film is determined by X-ray diffraction (insert in Fig. 1 ) assuming that both the InGaN and GaN films are relaxed and Vegard's law can be applied. 29 Optical properties of the sample are examined by photoluminescence (PL) spectroscopy and near-field microscopy. A He-Cd continuous-wave laser beam at 325 nm with a power of 30 mW is used to perform optical excitation of the sample for the PL measurements. The luminescence spectra are detected by a photomultiplier tube and analyzed by a 0.85 m double-grating spectrometer (Spex 1404).
The ANSOM apparatus built in our laboratory is based on a commercial AFM scanner head (Bioscope, Veeco Instruments 19 Homodyne amplification is not used in these experiments, although it provides better discrimination against topographic artifacts.
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One possible source of the topography contribution in the near-field signal could be due to the surface reflections of the incident light interfering with each other and with the near-field signal. Since the sample is stationary in our setup, we believe that this selfhomodyning effect does not create topography artifacts in the near-field signal. The signal detected by the photodiode contains a large far-field scattered background that originates from the sample surface and tip shaft. This background is almost completely removed by demodulating the signal at the third harmonic of the tip oscillation frequency using a wide-band lock-in amplifier (7820 model, Signal Recovery). Optical and topography images of the sample are recorded simultaneously.
Results and Discussion
Photoluminescence measurements from different locations of the InGaN sample demonstrate broad double peak spectra, a wide peak at around 480-520 nm and a shoulder at around 400-420 nm ( Fig. 1 ). These observations are consistent with photoluminescence results reported in the literature for similar samples. 14 The difference in PL spectra collected from different locations of the sample ( Fig. 1 ) indicates that our sample is inhomogeneous. The broadened X-ray diffraction peak seen in the insert in Dependences of the absorption edge and luminescence energy on the mole fraction of In in an InGaN alloy have been previously reported. 30, 31 The indium content, which corresponds to the 420 nm PL peak position is ~10-15%, and this agrees very well with the indium fraction obtained from X-ray diffraction (~14%). The stronger peak at 480-520 nm corresponds to the indium content of ~15-20%, which is also possible in our sample.
Another possible origin of the two peaks in the PL spectrum also needs to be considered. Usually images of spatially resolved luminescence display PL variations on several hundred nanometer length scales, which is often correlated with the distributions of radiative/non-radiative centers in the alloy. 22 -25 Correlations between structural and luminescence properties of thick InGaN layers can originate in the transition from 2D to 3D growth mode taking place after the critical layer thickness (CLT). 32 The splitting in the PL spectrum collected from InGaN layers grown above the CLT can be related to the variations in the strain-field-originated 2D/3D growth transition. 14 Double peaks in the PL spectrum may represent the signal from the relaxed, 3D region of the sample (strong peak at ~480-520 nm), and the signal from the strained layer close to the GaN/InGaN interface may be represented as a smaller peak shifted to higher energies in Fig. 1 . We have observed such PL behavior in other InGaN samples exihibiting 3D island surface morphology.
Near-field signal maps of InGaN islands were collected under excitation by two different laser wavelengths. We observe a signal enhancement in the near-field images in Fig. 2 that is detected as white stripes on the right sides of the islands. We attribute this signal change to the sudden change in the vertical tip position during scanning, since the position of the enhanced signal depends on the direction in which the sample is scanned. The sample is scanned from the left to the right in the displayed images. A similar signal enhancement occurs on the left sides of the islands when the sample is scanned in the opposite direction (not shown). A possible mechanism for this effect has been discussed 35 and can be described with the aid of Fig. 3 . After scanning the flat top of an island the tip reaches the island's edge. The forces acting on the tip by the sample start decreasing, which causes the tip to jump towards the surface and thus the amplitude of the cantilever oscillations will momentarily increase. The increase in the amplitude leads to an increase in the near-field signal near the sample surface, since the optical signal decays exponentially with the distance away from the surface. In other words, the harmonicity of the cantilever motion is locally perturbed and an anharmonic cantilever motion can create an artifact in the optical signal. It can be noted from the near-field images in Fig. 2 that the near-field signal level varies from island to island for islands of the same height and also for the same islands in the images collected at the two different incident wavelengths, 633 nm and 532 nm.
These results apply to the islands within the normal height range (not the brightest white zones in the topography). To see this better, line scans along the dashed lines in the images in Fig. 2 are plotted in Fig. 4 . Similar effects are observed all over the sample. buffer layer produces a strained material with multiple defects in the crystal lattice, while 3D growth originating from strained layers produces a relaxed material with characteristic 3D islands, via the Stranski-Krastanow mechanism. AFM and ANSOM topography images of our sample clearly display 3D structure, which means that the 2D/3D transition has occurred. The critical layer thickness at which strain relief is predicted to occur for an In 0.14 Ga 0.86 N film is 60 nm. 32 We estimate the thickness of the 3D layer to be in the range of 400-600 nm. Although near-field probing is not sensitive at a depth of 500 nm, which would reach the 2D layer, the structural and compositional properties of the sample can vary just below the sample's surface. It has been observed that variations in vertical composition of a sample can influence near field optical signals. 37, 38 Since both compositional fluctuations and structural variations are possible in our sample, the near-field signal variations in the near-field signal maps in Figs. 2(b) and 2(c) can be due to either or both of these two effects. The larger crystalline islands in Fig. 2 are more likely to exhibit near-field signal changes due to strain-induced effects since we do not have direct evidence for macroscopic phase separation of the InGaN alloy in the sample, such as an additional X-ray diffraction peak, although we cannot rule out compositional variations induced by strain variations.
We now examine the morphology of the InGaN islands at a smaller spatial scale.
We find that the large flat islands in Fig. 2(a) actually have small grains of a few nanometers in height on their surface. An example of such topography is shown in Fig.   5(a) , which corresponds to the area marked by the white square in Fig. 2(a) . )) and a signal increase in the green (Fig. 5(c) ) relative to the signal from the surroundings. One of the possible explanations may be that these grains are InN-rich nanoislands. It has been shown that it is energetically favorable for indium to stay on the surface during InGaN film growth by MBE. 39 Surface confinement of an InN-rich phase in thick InGaN films has also been observed by photoluminescence depth profiling. 40 It was found that a PL peak around 2.6 eV disappears after removing the surface layer of ~50 nm from a In 15 Ga 85 N sample. 40 This suggests that there may be segregation of the InN-rich regions on the InGaN surface. There is direct evidence that In composition in self-formed nanodots at an InGaN interface measured by energy-dispersive X-ray microanalysis is larger than the In composition of the surrounding alloy. 11 The strain distribution can play a role in the self-formation of quantum dots. For example, misfit dislocations, formed as a result of strain, can induce the self-formation of semiconductor nanodots at the top surface of the semiconductor layer. 41 In addition, small pits formed due to the strain in the surface layer of In can lead to an increasing concentration of In inside and around the pits. 42 While both strain and In surface segregation can be explanations for the observed surface irregularities in our sample, it is likely that the finer features in Fig (Table I) . 43 A near-field size-dependent contrast reversal was observed at 633 nm excitation wavelength for InGaN dots deposited on a GaN substrate. 44 In that work, it is predicted that tip-substrate dipolar coupling overrides tip-particle dipolar coupling for particles smaller than the size of the tip. The lateral sizes of the grains observed in Fig. 5 (~30-50 nm) are comparable to the realistic size of the tip (the tip becomes dull very quickly and usually has a larger radius of curvature than specified by manufacture); the actual lateral sizes of our grains might be significantly smaller due to the convolution of the tip shape with the grain shape, 45 therefore it is uncertain whether dipolar coupling between the tip and the neighboring InGaN regions influences the near-field signal from the grains. Since the dielectric constants of the grains and neighboring regions vary insignificantly at the same wavelength (Table I) , we assume that the near-field signal change on the grains is not affected by the tip-substrate dipolar coupling. The influence of the vertical structural and compositional fluctuations of the sample on the near-field signal contrast at different wavelengths needs to be considered in future near-field signal modeling.
Other processes might be responsible for the near-field signal increase from InNrich regions at 532 nm. For example, a larger optical signal at 532 nm could be caused by an enhanced recombination of excitons in the InN-rich regions because of the higher excitation efficiency of InGaN at 532 nm compared to the excitation efficiency at 633 nm. Spectrally-resolved near-field measurements need to be done to conclude whether exciton localization occurs in the inhomogeneities observed in Fig. 5 . Different designs of scanning near-field optical microscopes have been used to observe tip-enhanced fluorescence of quantum dots, 46 to collect PL spectra of single semiconductor nanocrystals, 47 to obtain Raman spectra of an individual single wall carbon nanotubes, 48 and to acquire spatially-resolved electro-luminescence spectra of InGaN multiple quantum wells. 27 Low-temperature near-field luminescence spectroscopy could give an insight into whether self-organized In-rich regions serve as the radiation recombination centers. 27 Other methods, such as EDX can be used to determine the exact composition of the grains and whether it is different from the surrounding areas. We believe both strain variations in the sample and fluctuations of indium in the alloy composition could be responsible for the observed near-field contrast on the small dots.
Conclusions
We use apertureless near-field scanning optical microscopy to study optical and structural 
